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Introduction
The unique photophysical and electronic properties of lanthanide ions (Ln), coupled with the absence of these rare earths in living systems, has stimulated the development of methods that exploit these properties to provide new insight into protein structure, function, and dynamics [1] .
For selected proteins, the similarity between trivalent lanthanides (Ln 3+ ) and divalent calcium (Ca 2+ ) in terms of ionic radius and oxophilicity may enable direct substitution into calciumbinding proteins, providing a valuable spectroscopic handle for structural and dynamic studies [2] [3] [4] .
In order to expand the number of targets and exploit the potential of lanthanides in the study of complex systems, the lanthanide ion must be site-specifically complexed to the target protein. For example, a diethylenetriaminepentaacetate (DTPA) chelate that is modified via the pendant carboxylate arms with a chromophore, carbostyril 124, and a thiol-reactive moiety, maleimide, has been used extensively for the generation of luminescent Ln-tagged proteins [5] . The attachment of lanthanide-ion binding tags through cysteine thiol modification is advantageous since it affords a rational means of generating Ln-tagged proteins with desired orientations between the lanthanide ion and the target protein for NMR applications [6] and allows strategic placement of probes for luminescence studies [7] .
Alternatively, peptide-based lanthanide-ion binding tags (LBTs) may be incorporated into proteins by standard molecular biology techniques, thereby avoiding steps that may be necessary for optimizing site-selective chemical modification [8] . In this case, native protein sequences such as the Ca 2+ -binding EF hand motifs, which show intrinsic binding to lanthanides, have been used as the starting point for the development of encoded peptides with lanthanide-binding properties.
In an important early study Szabo established that the 14-residue peptide corresponding to an EFhand motif from calmodulin could form a luminescent Tb 3+ -chelate when the fluorescent tryptophan residue was incorporated at position 7 of the sequence [9] . Studies of this LBT prototype were consistent with a Dexter-type electron exchange model of energy transfer from the indole to the Tb 3+ center. This peptide later formed the foundation for split-and-pool based screens for the identification of improved LBTs [10] , which maintained Ln binding when appended to the C-or N-termini of proteins and when integrated into intrinsic protein-loop structures. The LBT peptides have been subjected to extensive analyses revealing K d s in the low nM range [11] and a highly ordered chelate structure including only peptide-based ligands without water in the inner complexation sphere [12] (Figure 2A ), which is critical for minimizing Ln luminescence quenching [1] . Peptide-based LBTs have also been conjugated to proteins via cysteine modification [13] .
Over the past six years Ln-tagging via the integration of synthetic or peptide-based chelates has been applied in studies to elucidate protein structure, conformational dynamics, protein-protein interactions and protein-ligand interactions. The inherent structural properties of the tags have allowed their use in membrane-bound proteins as well as in the cellular milieu. Herein we review selected applications of both synthetic and peptide-based lanthanide-ion binding tags and highlight their promise for future studies.
Expanding the tool set for protein-structure determination
All of the lanthanides provide excellent X-ray scattering power, and therefore complexed lanthanide-ion binding tags offer a programmable heavy-atom binding site for solving the phase problem in X-ray crystallography. This is especially useful in the absence of native metal-binding sites or when incorporation of selenomethionine is unfeasible due to limitations imposed by protein expression and stability. In phase determination using the anomalous signal from heavy atoms, the metal must be well ordered in relation to the target protein. The concept that increased steric bulk would decrease mobility and promote formation of crystal contacts inspired the construction of a tag utilizing tandem LBT sequences in a double LBT (dLBT) as a macromolecular phasing tool [14] ( Figure 2B ). The bound Tb 3+ in the dLBT was used to solve the phase problem for the structure determination of a construct encoding the dLBT tag as an N- Figure 3A ) [13, 15] and facilitates peak assignments by pairing peak positions from spectra of complexes with paramagnetic versus diamagnetic samples [16] . These biophysical effects have been exploited in NMR using intrinsic sites in metalloproteins [3] , but the available effects and the target set have been greatly expanded through the use of lanthanide-ion binding tags [15] [16] [17] .
The mobility of the tag, and hence the bound lanthanide ion reduces the anisotropic effect in structure determination via NMR. Although attachment at the protein terminus has provided useful RDC information [15] [16] [17] , modifications that diminish mobility lead to increased signal.
For instance, the use of a double lanthanide-binding tag to increase molecular mass (also used in crystallography, see above) led to a 3-fold enhancement in the RDCs versus the single LBT sequence [17] . Increased rigidity and signal enhancement has also been achieved via the symmetrical design of synthetic chelators to provide two attachment points through adjacent cysteines on the protein target [18] , however, chiral purity and availability of these chelates has limited development. This problem has been addressed by creation of a dipicolinic acid tag (that forms non-chiral metal complexes) bearing a single thiol group for cysteine attachment and leaves free coordination sites on bound lanthanides for coordination with nearby protein carboxylates [19] . Recently, the use of a lanthanide-binding peptide tag anchored to the target protein at two points via a disulfide and the N-terminus of an immunoglobulin binding domain produced 2-3 fold stronger anisotropic paramagnetic effects compared to a single point of attachment through the disulfide alone [20] . The improved rigidity of the tag was demonstrated from the size of the magnetic susceptibility tensor and alignment tensors obtained from PCS and RDC analysis. It is anticipated that further modifications to stabilize the point(s) of attachment and limit conformational freedom of ligating residues will additionally enhance the observed paramagnetic effects.
The use of RDCs and PCS in NMR via lanthanide-ion binding tags allows the acquisition of data where it would otherwise be thorny. For example, when ligands are carbohydrates, or otherwise make extensive hydrogen-bonding networks, NOEs between ligand and protein are diminished or eliminated. This problem was circumvented in the determination of the structure of a complex between Galectin-3 and lactose by using paramagnetism-based constraints introduced via a Cterminally fused peptidic lanthanide-ion binding tag loaded with Dy 3+ [16] . Additionally, improvements in the precision of NMR structures is obvious ( Figure 3B ) not only from the inclusion of RDCs and PCS but also from the addition of data from multiple lanthanide-ion tags of differing structure even when attached to a single site on the protein target [21] .
Additional information can be obtained about the relative orientations of mobile protein domains through NMR by insertion of a lanthanide ion into one domain and utilizing RDCs to provide a solution structure in conjunction with PCS to independently obtain the global orientation tensor [4] . This was accomplished recently for calmodulin-peptide complexes through binding of the lanthanide to a single domain of the protein after introduction of a mutation to shift binding from Ca 2+ to Ln 3+ (N60D) [2] . In this study, the use of lanthanides as orienting devices in NMR structure determination demonstrated significant rearrangements between the solution and solidstate structures of the calmodulin-peptide complexes.
Lanthanide binding tag utility has also been extended to the study of interprotein dynamics via RDCs, which are sensitive to motions in the ps -ms time regime. Metal ion-induced alignment affords a fixed reference alignment for one component, allowing detection of motions of the other. For example, the introduction of a caged lanthanide probe with two-point attachment to cytochrome C was utilized to measure the interactions with adrenodoxin in an electron-transfer complex between the two proteins, showing high relative mobility of the adrenodoxin component [18] . Lanthanide binding tag utility has thus been extended to the structural study of conformations of multi-domain proteins and protein complexes. These approaches studying intraand inter-protein conformational dynamics via NMR can be complemented by those using luminescence through the use of the same LBT toolset.
Protein trafficking and localization
Luminescent lanthanide chelates are distinguished from the more common organic fluorophores in several respects that render lanthanide-tagged proteins valuable for biological studies [7] . reported [26] .
Protein interactions and dynamics
Lanthanide luminescence-based techniques and Ln-tagged proteins are valuable tools for investigating the functions and dynamics of large proteins and protein complexes including ion channels [7, 27] , small molecule transporters [28] , and the RNA polymerase complex [29, 30] . In contrast to fluorescence resonance energy transfer (FRET), which has been a cornerstone of biological studies since the introduction of the "spectroscopic ruler" by Stryer and Haugland over 50 years ago [31] , lanthanide-based or luminescence resonance energy transfer (LRET), was first introduced by Selvin in 1994 [32] . LRET, which relies upon the interaction of a luminescent lanthanide complex as donor and an organic fluorophore as acceptor, offers advantages over Integrated Ln-binding peptides for LRET have been applied in a study of lactose permease (LacY; E. coli), which catalyzes the co-transport of lactose and protons into cells [28] . In these studies, an engineered EF hand motif with a tryptophan sensitizer, was inserted into a predicted cytoplasmic loop of LacY ( Figure 4A ). The luminescent Tb 3+ complex that was formed was then and suggested that these components of the subunits do not move as a rigid body as previously proposed. With the continued emphasis on high resolution X-ray structure determination and the further development of synergistic biophysical tools, such as LRET, there is considerable optimism that in the near future it will be possible to develop a unified picture of channel dynamics and how these relate to biological function.
Encoded LBT sequences also make LRET-based approaches readily applicable to the analysis of protein/ligand interactions. For example, the interactions of SH2 domains with partner phosphopeptide ligands can be evaluated by using LRET [35] . In one study the Src and Crk SH2
domains were expressed with C-terminal LBTs that could be loaded with Tb 3+ , and LRET studies with cognate and non-cognate phosphotyrosine peptides tagged with BodipyFl and Bodipy-TMR were carried out to define affinities and provide distance information on the binding interactions.
In addition to these studies of ligand interactions, the luminescence properties of LBTs have also been exploited for the development of protein kinase [36] and protease [37] assays as well as for the detection of insulin bound receptors for high-throughput screening [38] .
Conclusions
As the need to understand the next dimension of cell function at the molecular level becomes critical, so does the necessity of addressing ever larger multi-protein and nucleic-acid complexes.
The increasing size of structural problems tackled by NMR and X-ray crystallography produces a need that LBTs can fill. Moreover, the biosciences will benefit from lanthanide luminescent bioprobes, which can provide many advantages in sensing biomolecules and deciphering the signaling processes between them in living cells. Information on structure-function relationships of how protein complexes penetrate and locate in cells is lacking and can greatly benefit from the unique properties of Ln-tagged proteins. B) The dLBT-ubiquitin structure (grey) was obtained with phases from the anomalous scattering of the bound Tb 3+ . The structure highlights the compact, ordered nature of the dLBT and demonstrates it does not perturb the structure of the fusion partner (native ubiquitin, blue). 
